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Abstract
We present the results of transport measurements of AC losses in a racetrack shaped superconducting coil made from
coated conductor tape. The outer dimensions of the coil are approximately 24 cm × 12 cm and it has 57 turns. The
coil is impregnated with epoxy resin and ﬁberglass tape is used to insulate the individual turns and to improve the
mechanical properties of the epoxy when exposed to thermal cycling. The coil is manufactured as a part of the ﬁeld
winding of a small synchronous generator; therefore stainless steel frames are installed on the inner and outer side of
the winding to reinforce it. The AC loss is measured versus the transport current Ia with the coil immersed in liquid
nitrogen. Measurements at frequencies 21 Hz, 36 Hz and 72 Hz are compared. The AC losses follow I2a dependence
at low current amplitudes and I3a at high amplitudes. After cutting the inner steel frame the low amplitude losses are
decreased, their frequency dependence is reduced but their dependence on the current remains unchanged.
c© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Horst Rogalla and Peter Kes.
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1. Introduction
Electrical machines, especially motors and generators, have always been a very interesting option for
application of high temperature superconducting wires [1][2]. This interest had grown steeply after a huge
progress has been achieved in the ﬁeld of coated superconducting tapes [3]. Coated tapes, called also the
second generation (2G) superconducting wires, comprise of a thin (∼1 μm) layer of YBa2Cu3O8 (YBCO)
superconductor deposited on a metallic substrate tape covered by a protective cap layer and usually are also
covered with stabilizing metallic strips on both sides. 2G wires oﬀer similar (or even higher) engineering
current densities but much higher mechanical strength, bend tolerance and current carrying capacity in
magnetic ﬁeld than the ﬁrst generation wires based on the Bi2Sr2Ca2Cu3O10 superconductor embedded in
Ag-based matrix. Coated conductors are thus much more suitable for construction of windings. Due to the
ﬂat, tape-like shape of the conductor, the windings are most often formed as stacks of ﬂat pancake coils.
In the majority of possible applications in the ﬁeld of electrical machines the superconducting windings
are exposed to a time varying magnetic ﬁeld or transport current. Here, the limiting factor to reach compet-
itive power eﬃciency is the level of AC loss in the superconducting winding since removing the heat power
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Fig. 1. Photograph of the investigated pancake coil. The stainless steel frames are reinforcing the winding on the inner and outer
circumference. The superconducting tape is soldered onto the copper blocks at the beginning and the end of the winding, which serve
as current leads. The picture was taken after the slit in the inner steel frame has been made to suppress the eddy currents. All the
dimensions are in milimetres.
dissipated at cryogenic temperature requires several times that power in the cooling system. AC losses in
superconducting pancake coils thus attract a lot of research interest in both the numerical modelling and
experimental studies [4][5] .
In this work, results of AC loss measurements on a racetrack shaped pancake coil are presented. The
coil is made from coated conductor and is impregnated with epoxy resin. It has been produced at Risø-DTU
in the framework of the research project “Superwind” as a part of the ﬁeld winding of a model of electric
generator for a wind turbine [6][7].
2. Coil manufacturing
The investigated pancake coil is shown in the ﬁgure 1. It has a shape of a rectangle with rounded edges
and dimensions approximately 12 cm × 24 cm . It has been made from American Superconductor’s 348C
coated conductor which has a magnetic NiW substrate tape and copper stabilizing strips on both surfaces.
Dimensions of the overall cross section of the coated conductor were 0.22 mm × 4.8 mm and the self-ﬁeld
critical current (Ic) at the temperature of liquid nitrogen (77 K) was 95 A. The total length of the tape in the
coil was 31.6 m and the critical current of the coil, measured as the current giving a voltage drop 1 μV per
1 cm of the tape in the coil, i.e. voltage drop 3.16 mV on the whole coil, was 69 A.
The individual turns of the coated tape were insulated with a ﬁberglass tape, 0.1 mm thick and 5 mm
wide, which was wound simultaneously with the superconducting tape. The coil has in total 57 turns.
Due to the application of the coil in a rotor winding of a model of electric generator it has been designed
with reinforcing stainless steel frames attached to its inner and outer circumference. The frames ﬁt onto the
rotor iron piece of a two pole model machine tested at DTU.
The inner frame was also used as a winding mandrel and the outer frame, open on one side, was attached
after the winding was ﬁnished. Copper blocks soldered onto the tape at the beginning (rectangular one) and
at the end (triangle-like one) of the winding provide the current contacts. They were insulated from the
steel frames. As the voltage contacts, thin insulated copper wires were used. They were soldered onto the
superconducting tape approximately 5 cm from the current contacts during the winding procedure.
After the winding, the coil was vacuum impregnated with epoxy and cured in air.
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Fig. 2. Graph of the measured AC losses of the coil Q, expressed as loss energy per cycle and per 1 metre of the tape length, in
dependence on the AC current amplitude Ia. Losses were measured at three frequencies of the AC current, 21 Hz, 36 Hz and 72 Hz,
for the case of continuous (no label) and slit inner steel frame (labeled with “slit”). Lines indicating the slope of the I2a and I
3
a functions
are added as a guide for the eye.
3. AC loss measurements
AC losses were measured on the pancake coil fed with harmonic AC transport current, employing the
lock-in technique.
The AC transport current was supplied to the coil with the help of a toroidal transformer and audio power
ampliﬁer. The coil was connected in the secondary circuit of the transformer together with a Rogowski coil.
Voltage from the voltage contacts, soldered on the superconducting tape close to the current leads at the
beginning and end of the coil, was ﬁrst diminished using a resistive voltage divider with ratio approximately
1/5. The Rogowski coil voltage, ampliﬁed to a suitable level by a broadband signal ampliﬁer, was subtracted
from the diminished superconducting coil voltage, performing this way so-called compensation of pure
inductive voltage. This voltage diﬀerence was then measured by the lock-in ampliﬁer, detecting the part of
voltage in-phase and out-of-phase with current at the ﬁrst harmonic frequency. The AC loss of the coil was
calculated by multiplying the RMS values of the current and the voltage in-phase with current.
The measurements were performed at three frequencies, 21 Hz, 36 Hz and 72 Hz. Both the voltage
divider and the signal ampliﬁer were tested at these frequencies and it was found that they do not produce
any phase shift between the output and input signal.
At each frequency, a dependence of the AC loss on the AC transport current amplitude Ia has been
measured. After ﬁnishing the measurements on the original coil with continuous inner steel frame the
frame has been cut with a jig saw in the area close to the smaller copper block (winding protection). This
procedure was done to reduce the large eddy currents as the small slit produced in this way interrupted the
conducting loop represented by the inner steel frame. After slitting the inner frame a new series of AC loss
measurements has been performed.
4. Results and discussion
In the ﬁgure 2 the measured dependences of the AC loss Q on the transport AC current amplitude Ia
are plotted for all three frequencies used, f = 21 Hz, 36 Hz and 72 Hz. The AC loss is expressed in J/m
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Fig. 3. The loss factor Γ = 2πQ/(μ0Ia) as the function of the current amplitude Ia at the three measurement frequencies for the case of
the continuous and slit inner frame.
units, i.e. as the loss energy per cycle (period) of transport AC current per unit length of the tape in the coil.
Results measured in both the original conﬁguration with continuous inner steel frame and after slitting the
inner frame are shown together.
As can be seen, all the dependences are quite similar. In the region of low current amplitudes losses
increase with the second power of Ia and at the amplitude of approximately 10 A they smoothly change the
slope and increase as I3a . Diﬀerence between the measurements with continuous and slit inner steel frame is
quite small. In the case of continuous inner frame some frequency dependence of the losses can be observed
as the curve measured at 72 Hz is shifted towards higher loss values when compared to the measurements
at 21 Hz and 36 Hz.
In the ﬁgure 3 the data from the ﬁgure 2 are re-plotted in a diﬀerent way. The AC loss Q is divided by
the normalizing factor μ0I2a /(2π) and the quantity shown is the dimensionless loss factor Γ = 2πQ/(μ0Ia).
Smaller details of the curves are visible better in this representation and the diﬀerence between the continu-
ous and slit frame measurements is also presented much clearer.
In the region of low current amplitudes up to approximately Ia = 10 A all the dependencies can be
regarded as constant in the ﬁrst approximation which means the AC loss Q is almost exactly proportional
to I2a in this initial part. The losses measured with continuous inner steel frame are visibly higher than in
the case with slit inner frame. Also, the losses measured at 72 Hz are considerably higher than the losses
at 36 Hz and 21 Hz, which is a feature much less pronounced in the case of measurements with slit inner
frame.
All the curves gradually merge into a single one in the region of high amplitudes. The maximum ampli-
tude used in the measurements was limited by the quench current of the coil (∼ 70 A) at 21 Hz and 36 Hz
and by the maximum output power of the ampliﬁer at 72 Hz.
The AC loss measured on the coil at low current amplitudes is very probably signiﬁcantly inﬂuenced
by the eddy currents circulating in the stainless steel frames. These currents are inducing voltage into the
superconducting winding, which acts like a kind of a pick-up coil and this induced voltage is in phase with
the current ﬂowing in the winding. After evaluation of the AC loss by multiplying the part of the coil voltage
in phase with current by the current value the eddy current eﬀect leads to a false contribution to the AC loss
of the coil.
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This false loss contribution prevails in the low amplitude region and the superconducting losses start to be
visible at current amplitudes higher than approximately Ia = 10 A. The largest eddy currents circulate in the
inner steel frame in case when it is continuous because in this case the frame creates a large conducting loop
inside the coil. After slitting the inner frame the eddy currents decrease substantially and their distribution is
also changed as the eddy currents of both directions ﬂow inside the cross section of the inner frame, which
applies also in case of the outer frame.
As can be seen in the ﬁgure 3 the measured AC losses of the coil in the low amplitude region decreased
after slitting the inner frame (factor ∼ 1.5). The remaining loss level can be attributed to the false loss
contribution due to eddy currents in the discontinuous inner and outer frame and very probably also to the
magnetic hysteresis losses in the NiW substrate of the superconducting tape.
5. Summary
We have manufactured a racetrack shaped superconducting pancake coil with stainless steel reinforcing
frames attached to the inner and outer circumference, due to its application in a ﬁeld winding of a model of
electric generator. In total 31.6 m of the American Superconductor’s 348C coated tape were used to wind
the coil. It has 57 turns and critical current 69 A at 77 K. The individual turns were insulated with ﬁberglass
tape and the whole coil has been vacuum impregnated with epoxy after the winding. AC losses of the coil
have been measured at frequencies 21 Hz, 36 Hz and 72 Hz, with the coil immersed in a liquid nitrogen
bath. First series of measurements was performed on the coil with continuous inner steel frame. This frame
was then cut and second series of measurements was performed with slit inner frame. Comparison of the
measurements for the two cases suggests that there is a false loss contribution to the coil AC loss due to the
eddy currents in the steel frames, prevailing in the region of low current amplitudes. We also suppose that
the magnetic hysteresis losses in the NiW substrate tape of the 348C coated conductor contribute to the AC
loss of the coil as well.
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